Tubulin Delivery: Polymerization Chaperones for Microtubule Assembly?  by Cassimeris, Lynne
Developmental Cell
PreviewsTubulin Delivery: Polymerization Chaperones
for Microtubule Assembly?
Lynne Cassimeris1,*
1Department of Biological Sciences, 111 Research Drive, Lehigh University, Bethlehem, PA 18015, USA
*Correspondence: lc07@lehigh.edu
DOI 10.1016/j.devcel.2007.09.009
A new paper by Slep and Vale in a recent issue of Molecular Cell provides structural clues as to how
three different +TIP proteins interact with tubulin and suggests that +TIPs deliver oligomers of tubulin
dimers to growing microtubule ends.One of the most spectacular intracellu-
lar sights made visible by GFP tagging
is the comet-like movement of micro-
tubule (MT) plus end binding proteins,
collectively referred to as +TIPs, across
the cell (reviewed by Lansbergen
and Akhmanova, 2006; see www.bio.
umass.edu/biology/wadsworth/collec-
tion6/index.php?movie=Microtubule-
Growth1). The +TIPs do not actually
move; rather, they bind to the plus
ends of growing MTs (Figure 1A). The
growth of the MT generates the ap-
pearance of movement in time-lapse
images, and this apparent movement
is referred to as tip tracking. The strik-
ing localization of +TIPs to growing MT
plus ends begs two questions: what
are the +TIPs doing at plus ends, and
how do they get there? A recent paper
by Slep and Vale (2007) in Molecular
Cell provides insight into how the
+TIPs interact with MT plus ends and
may explain how MTs polymerize
more rapidly in cells than theydo in vitro
from purified tubulins.
MT assembly in cells or from purified
tubulins occurs by dynamic instability,
a process in which MTs continually
switch between polymerization and
depolymerization states (reviewed
by Howard and Hyman, 2003). During
polymerization, GTP-tubulin dimers
add to the growing MT end. The GTP
is hydrolyzed after assembly, leaving
the bulk of the MT composed of
GDP-tubulins. The lattice of GDP-tu-
bulins is unstable and disassembles
once the stabilizing cap of GTP-tubu-
lins is lost. In the cell, additional pro-
teins regulate dynamic instability to
both speed polymerization and to alter
how often MTs switch between grow-
ing and shortening states (reviewedby Howard and Hyman, 2003). Dy-
namic MTs ‘‘search’’ intracellular
space and become more stable after
they find their targets, such as the
cell cortex or the kinetochore region
of mitotic chromosomes.
By riding along on the assembling
end of an MT, +TIPs are localized to
a place where they could regulate MT
dynamic instability or link MTs to their
targets. Evidence for each of these
functions has been found for several
+TIP families (Lansbergen andAkhma-
nova, 2006; Wu et al., 2006).
Understanding how the +TIP pro-
teins associate specifically with grow-
ing MT ends has been a difficult ques-
tion to address, but several models
have been proposed (Figure 1B).
Plus-end-directed kinesin motors
could carry a +TIP to the MT end;
this mechanism has been shown
for the CLIP-170 homologs in bud-
ding and fission yeasts (reviewed by
Lansbergen and Akhmanova, 2006).
By this mechanism, +TIPs are contin-
ually transported toward the MT plus
end. Most individual +TIP molecules,
however, do not move, indicating
that mechanisms other than kinesin-
based transport must be responsible
for their plus end localization (re-
viewed by Lansbergen and Akhma-
nova, 2006). Alternatively, the +TIPs
could accumulate at plus ends if
they had a higher affinity for a struc-
ture unique to the MT end, such as
a GTP-tubulin cap or sheets of proto-
filaments that have not yet closed
into a tube, which occur at the as-
sembling MT end. Or, +TIPs could
bind soluble tubulin dimers and poly-
merize with those dimers onto MT
ends, as was suggested initially forDevelopmental Cell 1mammalian CLIP-170 (reviewed by
Lansbergen and Akhmanova, 2006).
For the latter two models, limiting
+TIP localization to an MT end re-
quires an additional mechanism to
release +TIPs from MTs (reviewed by
Wu et al., 2006). Whether all +TIPs
use the same localization mechanism
is not yet known.
While all +TIPs share the same local-
ization pattern, each family differs from
the others in structure. The three major
+TIP families are represented by the
CLIP-170, EB1, and XMAP215 fami-
lies, each defined by a unique tubu-
lin-binding domain. CLIP-170 and re-
lated proteins, including the dynein
regulatory protein p150glued, contain
Cap-Gly domains. The EB1 family con-
tains calponin homology (CH) domains
and the XMAP215 family contains
TOG domains. Although the domains
differ between families, all +TIPs have
two or more tubulin-binding domains
or the ability to dimerize, suggesting
that association with multiple tubulins
is critical for function.
Slep and Vale (2007) now report the
structure and function of these +TIP
tubulin-binding domains. Slep and
Vale crystallized tubulin-binding do-
mains from five +TIPs: TOG domains
from Stu2p (fission yeast) and Msps
(Drosophila); CH domains from EB1
(human) and Bim1p (fission yeast);
and a Cap-Gly domain from human
CLIP-170. Together with several other
recent reports of +TIP structure (Al-
Bassam et al., 2007; Hayashi and
Ikura, 2003), the structures reveal that
each tubulin-binding domain is highly
conserved within a protein family.
Comparing the different tubulin-bind-
ing domains shows that each +TIP3, October 2007 ª2007 Elsevier Inc. 455
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(A) The left panel shows localization of MTs (yellow) and EB1 (a +TIP, purple) in an epithelial cell.
The right panel diagrams +TIP localization to one end of an MT.
(B) Possible mechanisms to localize +TIPs at theMT end are shown. +TIPs are represented by two
linked tubulin-binding domains. Two recent papers provide evidence that +TIPs copolymerizewith
tubulin, bringing in either tubulin oligomers (Slep and Vale, 2007) or tubulin dimers (Al-Bassam
et al., 2006). The possible conformations of +TIPs bound to tubulin are illustrated. Additional
mechanisms regulating +TIP release from the MT must be active to limit +TIP localization to the
end of an MT (reviewed by Wu et al., 2006).family binds tubulin through a unique
interface (Slep and Vale, 2007).
Given the different structures of
each tubulin-binding domain, it is sur-
prising that each appears to function
in a similar way. In most cases, multi-
mers of the tubulin-binding domain
stimulate MT nucleation and polymeri-
zation in vitro. When expressed in
cells, most dimers of each domain tip
track on MT ends (Slep and Vale,
2007). Surprisingly, given the different
structures of CH and Cap-Gly do-
mains, an artificial dimer of these two
domains is also sufficient to tip track
in cells.456 Developmental Cell 13, October 2007The results of Slep and Vale (2007)
lead to a model in which +TIPs bind
tubulin oligomers in solution and load
with these oligomers onto MT plus
ends (Figure 1B), as originally pro-
posed for XMAP215 (Gard and Kirsch-
ner, 1987). In this way, +TIPs act as
‘‘polymerization chaperones’’ by lining
up tubulin oligomers before they add
to the MT. While Slep and Vale ac-
knowledge that this model is too sim-
ple, it does provide a commonmecha-
nism of MT plus end binding for
proteins having unrelated tubulin-
binding domains. The model also sug-
gests a common mechanism to speedª2007 Elsevier Inc.MT assembly through delivery of tubu-
lin oligomers to the MT plus end.
A critical test of the polymerization
chaperone model will be to resolve
whether or not MT assembly proceeds
through addition of tubulin oligomers
when +TIPs are present. Last year Ker-
ssemakers et al. (2006) showed that
MTs can grow by steps greater than
a single tubulin dimer and that these
large-growth steps were more fre-
quent after adding a +TIP. It remains
unknown whether the large-growth
steps represent the addition of oligo-
mers (Kerssemakers et al., 2006) or
limits in temporal and spatial resolu-
tion (Schek et al., 2007). It is also pos-
sible that +TIPs facilitate addition of
individual tubulin dimers, rather than
tubulin oligomers (Al-Bassam et al.,
2006; Figure 1B).
While tests of the polymerization
chaperone model await further study,
the new work of Slep and Vale (2007)
does provide the structural framework
to explore how +TIPs bind to MT ends,
how +TIPs regulate MT polymeriza-
tion, and how comets of +TIPs fly
across the cell.
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